Abstract. This paper reviews aspects of the plastic behaviour common in sheet metals. Macroscopic and microscopic phenomena occurring during plastic deformation are described succinctly. Constitutive models of plasticity suitable for applications to forming, are discussed in a very broad manner. Approaches to plastic anisotropy are described in a somewhat more detailed manner.
INTRODUCTION
Today, with advanced computer hardware and software, it is possible to model material processing, product manufacturing, product performance in service, and failure. Material design is somewhat more empirical but new analytical methods are emerging for this purpose [1] . Although the fine-tuning of a product manufacturing and performance is empirical, modeling can be an efficient tool to guide and optimize design, to evaluate material attributes, and to predict life time and failure. Moreover, modeling can be used as a research tool for a more fundamental understanding of physical phenomena that can result in the development of improved or new products. In any case, a constitutive model, a mathematical description of a material behavior, is needed. This paper is an attempt to look at plastic deformation for sheet metal applications and corresponding constitutive models for sheet forming in a very synthetic way.
PLASTICITY OF METALS

Material Processing and Forming
From its inception to its final realization, a product is subjected to a complex thermo-mechanical path that leads to a geometrical shape and a microstructure. For instance, Table 1 shows the different steps necessary to produce a sheet metal part from casting to forming. It involves a sequence of thermal and mechanical operations to which correspond a number of physical phenomena resulting in a material microstructure. This table illustrates the complexity of the process. Both geometry and microstructure affect the functionality of the final product, its properties and its service performance.
The goal of materials scientists and engineers is to develop and improve materials with respect to given properties such as elastic modulus, strength, ductility, toughness, endurance and corrosion by a careful design of the microstructure. Materials designers are concerned with lattice imperfections, solute content, second-phases, grains and grain boundary structures, crystallographic texture, and the distribution of all these features throughout the material. There are many possible ways to alter a microstructure by manipulating chemical composition and material processing. A given chemical composition itself does not reflect the final physical properties of a product, which is influenced by the whole material history after casting. In fact, it is important to note that memory effects can be very persistent. For instance, with reference to Table 1 , the homogenization of an ingot at an unsuitable temperature for the particular chemical composition can lead to undesirable effects on its forming or service performance, even after several deformation and recrystallization cycles. Process engineers are usually more focused on the shape changes during forming, the appearance of geometrical defects and the existence of a macroscopic residual stress field. For instance, in sheet forming, a part is processed successfully if its final shape and dimension fall within the dimensional tolerances after springback. In any case, the product must be achieved without fracture. Therefore, ductility is of major importance in sheet forming.
Macroscopic observations in plasticity
Aspects of the plastic deformation and ductility of metals and alloys at low and moderate strain rates and subjected to monotonic loading or to a few load cycles are briefly discussed here. However, it is important to remember that beside plastic deformation, microstructure transformation is the result of temperature changes as well. The stress-strain behavior of metals and alloys at low strain is almost always reversible and linear. The elastic range however, is bounded by the yield limit, the stress above which permanent or inelastic deformations occur. In the plastic range, the flow stress, described by a stress-strain curve, usually increases with the amount of accumulated plastic strain and becomes the new yield stress if the material is unloaded.
In general, it is considered that plastic deformation occurs without any volume change and hydrostatic pressure has virtually no influence on yielding. Experiments conducted at high confinement pressure showed that, though very small, a pressure effect is quantifiable and can explain the strength differential (SD) effect for high strength steels. The SD effect corresponds to the difference between tension and compression yield stresses when both tests are conducted independently from an annealed state. Confinement pressure can also significantly improve ductility.
The Bauschinger effect is a common feature in metals and alloys. It occurs when a material is deformed up to a given strain, unloaded and loaded in the reverse direction, typically, tension followed by compression. The yield stress after strain reversal is lower than the flow stress before unloading from the first deformation step.
The flow stress of a material depends on the testing temperature. Moreover, at low absolute temperatures compared to the melting point, time has usually a very small influence on the flow stress and plasticity in general. However, at higher temperatures, strain rates effects are important. In fact, it has been observed that strain rate and temperature have similar effect on plasticity. Raising the temperature under which an experiment is carried out has a similar effect as decreasing the strain rate. Temperature has another influence on plasticity. When subjected to a constant stress smaller than the yield limit, a material can deform by creep. A similar phenomenon, called relaxation, corresponds to a decrease in the applied stress when the strain is held constant.
Finally, solid state transformations can occur in materials due to an applied stress. These transformations lead to phase changes under stresses that are lower than the yield stress of either phase and can induce plasticity.
Microscopic Observations in Plasticity
Commercial metals and alloys used in forming operations are polycrystalline. They are composed of numerous grains, each with a given lattice orientation with respect to macroscopic axes. At low temperature compared to the melting point, metals and alloys deform by dislocation glide or slip, and by twinning on given crystallographic planes and directions, which produce microscopic shear deformations. Therefore, the distribution of grain orientations, the crystallographic texture, plays an important role in plasticity. Because of the geometrical nature of slip and twinning deformation, strain incompatibilities arise between grains and produce micro-residual stresses. Slip results in a gradual lattice rotation as deformation proceeds while twinning leads to abrupt changes in lattice orientation. The number of available slip systems determines the nature of the deformation mechanisms. BCC and FCC materials tend to deform by slip because of the large number of available slip systems. However, HCP materials, in which the number of potential slip systems is limited, generally tend to twin as an alternate mechanism to accommodate an imposed deformation. After slip, dislocations accumulate at microstructural obstacles and increase the slip resistance for further deformation, leading to strain hardening with its characteristic stress-strain curve.
At higher temperature, more slip systems can be available to accommodate the deformation but grain boundary sliding, which in a sense, is another type of shear, is becoming more predominant. For instance, superplastic forming occurs mainly by grain boundary sliding. In this case, the grain size and shape are important parameters. Atomic diffusion is also another mechanism that affects plastic deformation at high temperature and contributes to creep.
Commercial materials contain second-phase grains or particles. These phases are present in materials by design in order to control either the microstructure such as the grain size or mechanical properties such as strength. However, some amounts of second-phases are undesired. In any case, the presence of these nonhomogeneities alters the material behavior because of their differences in elastic properties with the matrix such as in composite materials or because of their interactions with dislocations. In both cases, these effects produce incompatibility stresses that lead to the Bauschinger effect.
The mechanisms of failure intrinsic to metals and alloys are plastic flow localization and fracture. Localization tends to occur in the form of shear bands, either micro-bands, which tend to be crystallographic, or macro-bands which are not. Necking in thin sheet occurs in plane strain deformation which, depending on the reference frame the strain is observed, is a shear deformation mode also. Ductile fracture is generally the result of a mechanism of void nucleation, growth and coalescence. The associated micro-porosity leads to volume changes although the matrix is plastically incompressible and hydrostatic pressure affects the material behavior. At low temperature compared to the melting point, second-phases are principally the sites of damage. The stress concentration around these phases lead to void nucleation, and growth occurs by plasticity. Coalescence is the result of plastic flow micro-localization of the ligaments between voids. At higher temperature, where creep becomes dominant, cavities nucleate at grain boundaries by various mechanisms including grain sliding and vacancy concentration. Generally, the materials subjected to creep and superplastic forming exhibit higher porosity levels than those developed at lower temperature.
CONSTITUTIVE MODELING
In view of the previous section, it is obvious that it is impossible to develop constitutive models for forming applications that can capture all the macroscopic and microscopic phenomena involved in plastic deformation and ductile fracture. The constitutive laws generally consist of a state equation (sometimes referred to as the kinetic equation, see Krausz in [2] ) and evolution equations. The state equation describes the relationship between the strain rate ε , strain ε , stress σ , temperature T and state variables i S , which represents the microstructural state of the material. This can be translated, for instance in a scalar form for uniaxial deformation, as
The evolution equations can describe the development of the microstructure through the change of the state variables and can take the form
However, the state variables do not need to be connected to a specific microstructural feature. In this case, equations (1) and (2) define a macroscopic model with state (or internal) variables. Because slip plays a major role in plasticity, it seems important to look at this mechanism in term of both its geometrical effect on anisotropy and its effect on strain hardening. The Kocks and Mecking approach (Estrin in [2] ) has laid the foundations for many subsequent studies by connecting the dislocation density ρ to the flow stress τ using the following state equation
where o τ is the lattice friction stress, µ is the shear elastic modulus, b is the amplitude of the Burgers vector and α is a constant. The dislocation density represents the state of the material and its evolution, which depends on the dislocation production and annihilation rates, can be represented for instance as
where i k are coefficients, possibly depending on strain rate and temperature. With this type of approach, it is possible to model time dependent behavior such as creep or time independent behavior by applying a strain proportional to time. Moreover, parameters describing the microstructure such as grain size, second-phase and solute can be incorporated into the formulation. This type of models contributes to the fundamental understanding of plasticity, to microstructure optimization and to the identification of relevant parameters that need to be directly or indirectly included in constitutive models.
Polycrystal description of plasticity has been very successful over the last few decades. This approach is based on the geometrical aspect of plastic deformation, slip and twinning in crystals, and on averaging procedures over a large number of grains. The crystallographic texture is the main input to these models but other parameters, such as the grain shape, can also be included. It is a multiaxial approach and involves tensors instead of scalar variable. One of the outputs of a polycrystal model is the concept of the yield surface, which generalizes the concept of uniaxial yield stress for a multiaxial stress state. Polycrystal models can be used in multi-scale simulations of forming but they are usually expensive in time and the relevant question is to know if their benefit is worth the cost. Polycrystal modeling aspects have been treated in a large number of publications and books such as, for instance in Reference [3] .
For forming applications, macroscopic models appear to be more appropriate. Because of the scale difference between the microstructure and a part, the amount of microscopic material information necessary to store in a forming simulation would be gigantic. It is not possible anyways to track all of the relevant microstructural features in detail. Therefore, lumping them all in a few macroscopic variables seems to be more appropriate.
In time-independent plasticity, for a multiaxial stress space, plastic deformation is well described with a yield surface, a flow rule and a hardening law (Barlat et al. in [1] ). Plastic anisotropy is the result of the distortion of the yield surface shape due to the material microstructural state. The associated flow rule, for which the strain increment is normal to the yield surface, is widely accepted. Strain hardening can be isotropic or anisotropic. The former corresponds to an expansion of the yield surface without distortion. It is completely defined by a single stress-strain curve. Any other form of hardening, such as kinematic hardening, which corresponds to the translation of the yield surface, is anisotropic. In sheet forming, plastic anisotropy is an important aspect because it influences the strain distribution in a part and, consequently, the critical failure spots. Although crystal plasticity is very appropriate to describe anisotropy, a macroscopic description of anisotropy is more efficient for sheet forming simulations. In the absence of anisotropic hardening, plastic anisotropy is contained in the shape of the yield surface. For cubic metals, there are usually enough potentially activate slip systems to accommodate any shape change. Compressive and tensile yield strengths are virtually identical. Yielding of such materials is usually represented adequately by an even function of the principal values of the stress deviator s, such as [4] 
Here, σ is a state variable associated with isotropic strain hardening, a function of a measure of the accumulated plastic strain ε . The exponent a is connected to the crystal structure of the material, i.e., 6 for BCC and 8 for FCC [4] . This was established are a result of many polycrystal simulations. Therefore, although this model is macroscopic, it contains some information pertaining to the structure of the material.
The principal values k s can be calculated on a transformed stress deviator that contains anisotropy coefficients. The general shape of the yield surface, with regions of high and low curvatures, is consistent with polycrystal calculations but the anisotropy coefficients are calculated from mechanical tests results. The anisotropic behavior captured by this type of model is illustrated in Figures 1 and 2 . For plane stress applications, the numbers of coefficients in the anisotropic yield functions Yld91, Yld2000-2 and Yld2004-18p are 4, 8 and 18, respectively [5] . Figures  1 and 2 show that, for plane stress, at least 8 coefficients are necessary to describe plastic anisotropy reasonably well. However, in order to capture subtle details, more coefficients are needed. This level of details of might be excessive for many applications, but in certain cases, for instance in the beverage can manufacturing business, these details are significant. For most hexagonal closed packed metals (e.g. Ti, Mg, Zr, etc.), at low temperatures or high strain rates, twinning plays an important role in plastic deformation. These grains cannot accommodate certain shape changes by slip because either they lack the necessary deformation systems or because these systems require high activation stresses. Twinning, unlike slip, is sensitive to the sign of the applied stress and thus responsible for a strength differential (SD) effect. Furthermore, the strong crystallographic texture displayed by HCP materials leads to a pronounced anisotropy. To describe this yielding asymmetry and anisotropy, Cazacu et al. [6] proposed a yield function of the form ( ) 
where a is an even integer k a material coefficient. This formulation, although pressure insensitive, breaks the tension-compression symmetry and, similarly to the yield function of equation (5), includes anisotropy. The lines in Figure 3 show the isotropic yield surfaces associated to FCC and BCC twinning. The value of parameter k determines the amount of SD effect. This parameter was selected based on polycrystal simulation results based on twinning for FCC and BCC materials [4] . Non-isotropic hardening effects can be described more classically by kinematic hardening and are usually related to the micro-stresses resulting from strain incompatibilities between grains or by the interactions between matrix and second-phases. This type of hardening describes the Bauschinger effect very efficiently and can be represented as
σ is the applied stress tensor and α is the back stress tensor, which controls the yield surface translation, and ( ) h ε is the matrix strain hardening function. Evolution laws for this tensor can take many forms. Kinematic hardening can be successfully applied in forming operations when the loading direction is changed abruptly, for instance, in the prediction of springback in sheet forming. Other types of anisotropic hardening formulations accounting for the Bauschinger effect are based on multiple plasticity surfaces [7] .
Viscoplasticity describes the time-dependent material behavior when temperature is less than typically half of the absolute melting point. Plastic deformation occurs by the motion of dislocations and the models used for plasticity are still valid. However, it is necessary to include terms containing the strain rate. Therefore, crystal plasticity and yield surface plasticity concepts can be applied in rate-dependent form. In this case, the critical resolved shear stress on the slip systems or the effective stress in the yield function formulations need to be modified with a viscous term such as
where 0 ε is a reference strain rate. Both h and m depend on the temperature. m is also called strain rate sensitivity parameter. Of course, other viscous terms can be used in constitutive equations. Another approach to viscoplasticity is to assume that there is no yield surface and that any level of stress produces some amount of inelastic deformation, possibly extremely small when the stress is small (Krempl in [2] ).
At temperatures that are roughly higher than half of the melting point, diffusion and grain sliding mechanisms are becoming more dominant. This is the domain of creep and superplastic deformations. The so-called unified theories such as that briefly described above for viscoplasticity do not distinguish between the different plasticity mechanisms and are therefore able to describe creep as well. For creep and superplastic forming, the microporosity formed at grain boundaries is a dominant factor which is necessary to integrate in the constitutive equations of plastic deformation (Murakami in [7] ).
Strain localization and fracture are material intrinsic failure modes in sheet forming. Constitutive models containing porosity as an internal variable, such as the model proposed by Gurson (see Tvergaard et al. in [7] ), account for softening in a localization band. Ductile fracture can be described with such a constitutive equation by defining critical porosity levels above which fracture occurs. To account for porosity, another approach consists in using a damage tensor D that modifies the applied stress. The resulting effective stress tensor σ can be used in the classical mechanics formulations and constitutive equations to describe plasticity of damaged materials. Critical damage parameters can be defined as well for failure.
CONCLUSION
This paper illustrates the importance of material and process interactions. In principle, modeling of sheet forming and microstructure evolution should be a concurrent process. However, in view of the size of forming simulations and the complexity of materials and physical phenomena occurring during plastic deformation, it seems more efficient to use macroscopic constitutive models with one or more internal variables to account for the microstructure. Constitutive models at lower scale are, of course, very important for the understanding of the microstructure evolution and to provide a basis for the development of more advanced macroscopic models.
